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SUMMARY

Tests were made of the Douglas D-558-I sirplasne to determine the
effect of wing vortex generators on some of the typical undesirable
handling charsacteristics such as buffeting, lateral unsteadiness, change
in trim, and loss in control effectiveness which have occurred on
present-day alrcraft flying at supercritical speeds. An arbitrary size,
shape, and location of the geherators were selected and the investiga-
tion was initiated to determine what benefits might be derived from the
installation and whether further Investigations would be warrasnted.

The use of the vortex generators resulted in a reduction of sepa-
rated regions over the wing at Mach numbers greater than 0.85 for level
flight. At higher normsl-forece ccefficlients for Mach numbers gresaster
than 0.85, regions of separation and forward movement of the shock were
reduced. The buffet boundary and wing-dropping tendency were delayed
gpproximately 0.05 in Mach number for level flight; however, no change
in the smell-amplitude oscilletion was detected. The pllot reported
the buffeting to be appreclably reduced during flights penetrating the
buffet region for 1lift coefficients below the stall. No detrimental
effects on the longitudinsl and latersl control characteristics were
encountered for the flight conditions inwvestigated. The drag of the
airplane was incregsed by the use of -the generators. '

INTRODUCTION

Present-day airplsnes flylng at supercriticael speeds have demon-
strated the effects of compressibility in the form of buffeting, lateral
unsteadiness, change in trim, and loss in contrpl effectiveness. In the
course of flight testing the research.alrplanes, modifications to the
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specific configurations of these alrplanes have been considered for the
purpose of reducing the magnitudes and/or delaying the effects of com-
pressibility which are objectlonable from the handling and the structural
standpoint. Based on results of reference 1, an lnvestigation was made
at the NACA High-Speed Flight Research Station at Edwards Air Force Base,
Calif., to determine the effect of wing vortex generators on the handling
and buffeting charscteristics of the Douglas D-558-I resesrch airplane.

The D-558-I 1s capable of penetrating the buffet region to some
degree and experiences a lateral unsteadiness 1n level flight, an abrupt
lateral trim change (reference 2), and a loss in control effectiveness.

This paper presents the results of flight tests to determine the
effect of the vortex generstors on some of the forementioned undesirable
characteristics of the sirplane.

SYMBOLS
CNp + ‘alrplane normsl-force coefficiemt (nW/qS)
Cp drag coefficient (D/qS)

qu/h pitching-moment coefficient about wing quarter chord (stall
moment 1s positive)

T/4 one-quarter of M,A.C., feet
D total airplane drag, pounds
Fg aileron force, pounds
M Mach number
M.A.C. mean serodynemic chord
Py - Py
P pressure coefficient —_TI—__
APmq loss in total head, free-stream Ilmpact pressure minus local
impact pressure
S wing area, square feet
v true velocity, feet per second
W welight of alrplane, pounds
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b wing span, feet

Cw wing chord, feet

y/c ratio of height gbove mean chord line to section chord
1g stabilizer incildence, degrees

n normal acceleration

P rolling velocity, radians per second

P, %ree-stream_static pressure, pounds per sguare foot
Py local static pressure, pounds\per square foot -

q free-stream dynsmic pressure, pounds per square foot
Sa aileron deflection, degrees

B¢ elevator deflection, degrees )

TEST EQUIFMENT AND FROCEDURE

Airplane

The Douglas D-558-1 airplane used for these tests is a single-place
low-wing monoplane powered by a Genersl Electric TG-180 turbojet engine.
The center of gravity was located at 23.3% percent of the mesn aero-
dynamic chord and the gross welght at take-off was 10,610 pounds.

Table I lists the more pertinent physical characteristics of the air-
plane end flgures 1 and 2 are a three-view sketch and a photograph of
the airplane, respectively.

Vortex Generators

The vortex generators were made from small alrfoils having s sec-
tion of NACA 0012 and a chord of 0.5 Inch. The generators were mounted
perpendicular to the wing surface and projected 0.5 inch above the sur-
face with centers at 2-inch intervels. The meaun chord line of each
genergtor was inclined st 150 to the normel to the 30-percent chord
line of the wing. (See fig. 3.) Alternate generators were inclined
toward the fuselsge end the remaining ones were inclined away from the
fuselage. The wing surface was smooth snd the ssme section profile as
existed with the generators removed was retalned; the only protuberances,
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as may be seen from the photographs of figures L and 5, were the
individusl generstors.

Irnstrumentstion P

Standard NACA recording instruments were used to measure altitude,
alrspeed, accelerations, rolling velocity, control-surface positions,
and control forces. Chordwise surface pressures over the upper and
lower surfaces of one span station of the right wing (fig. 3) were
megsured with an NACA recording manometer,

Procedure

The first flight—was made with the vortex generators extending
spanwise from aspproximstely the midflap to the midaileron station. A
1ift-off and landing was made followed by a flight to altitude to deter-
mine, primarily, the low-speed handling characteristics of the airplane
with the generators installed. The second flight was made with gener-~
ators extending from the midflep span station to the tip. The third
flight was made with generators extending across the complete span.

The flighte at altitude consisted, in general, of low-speed stalls,
pull-ups through the buffet region at Mach numbers up to approxi-
mately 0.89, and abrupt sileron rolls at Mach numbers above 0.70., The
flight conditions were repeated with generstors removed.

The data presented herein are for the full~span configuration
except that the lateral-control effectiveness data are for the con-
figuration of the second flight end the drag data are for all
configurations.

RESULTS AND DISCUSSION

The éffect of wing vortex generators of one specific slze, type,
and location on the pressure distribution is presented and discussed.
This information is followed by a presentation and discussion of the
effect of wing vortex generators on the over-all airplane measurements
of buffeting, lateral unsteadiness, trim changes, latersl-control
effectiveness and drag.

Wing chordwise pressure distribution.- The chordwise pressure dis-
tributions over the upper surfeace of the wing test station for the basic
configuration and the full-span generator configuration are given in
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figure 6 for a Mach number range of 0.72 to 0.89 selected for a normel-
‘force coefficient of spproximately 0.25 + 0.05. As may be noted in
figure 6, the distributions are similar up to a Mach number of 0.85
except for the regions where the generstors are installed. In these
reglons the pressures at the leading edge of the generators are- slightly
more positive with a resulting greater negative pressure for 10 to :

15 percent of the chord aft of the generators than without the generstors.
At & Mach number of 0.82 both distributions show a compression shock
located at epproximstely 55-percent-chord location and neither distribu-
tion indicates separstlon over the rear portion of the section. At a
Mach number of 0.85 the shock has moved rearward to approximately
60-percent chord with no indication of separated flow to the rear of

the shock, As the Mach mumber is increased to 0.88 and 0.89 the dis- I
tributions for the basic configuration show the shock to be moving
between the 50- and 60-percent-chord locetion with a region of separa-
tion aft of the shock that is indicated to be expanding rapidly. The
distributions with generators show that the shock continues to move
rearward with no separation occurring. =

The effect on the upper-surface pressure distribution of increasing
the normal-force coefflcient for both configurations is shown in fig-
ure 7 for Mach numbers of 0.85 to 0.88. For a Mach mumber of 0.85 at a
normel-force coefificient of 0.20, there is no Indication of separated
flow aft of the shock, and the distributions are similsr for both con-
figurations. As the normal-force coefficient 1s increased to 0.75, the
distribution for the basic configurstion shows the shock has moved
forward to approximately the 20-percent-chord location and that sepa-
rated flow exists over the rear TO to 80 percent of the chord. With
generators, the shock has moved forward only about 10 percent. of the
chord wlith a less adverse pressure recovery over the rear portion of
the section. It is indicated, however, that with generators for this
normel-force-coefficient separation has started to occur over the rear
portion of the chord. At a normal-force coefficient of 0.82, which is
the airplane maximum 1lift for a Mach number of 0.85, the distributions .
show some similarity and the beneflt of the generators, as might be '
expected, has decreased. For a Mach number of 0.88 and to the highest
normsl-force coefficient tested QSNA = O.hh), it is shown that use of.

the generators resulted in a reduction of the separsasted reglon over the
section,

Lower-surface distributions are shown in figure 6 for Mach numbers
of 0.72 and 0.89 and in figure T for normal-force coefficients of 0.82
and 0.29. At all Mach numbers and normal-force coefficlients investigated
no appreciable change was observed in the lower-surface distributions a
due to the vortex generators. ' :
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Buffeting characteristics.- The D-558-I airplane buffet boundary
presented in figure 8 was established by the Mach number and the cor-
responding alrplane normel-force coefficient at which the first indica-
tion of buffeting occurred. The information was determined from the
response of a standsrd NACA normel accelerometer to an airplene dis-
turbance and correlsted with the other instrumentation measuring
various quantities in the airplane. The test data obtained with and
without generators are noted. As may be seen, the boundarles for the
two configurstions are similar except at the highest Mach number tested
where 1t is indicated that the boundary occurs at & higher Mach number
by use of the generators. Measured chordwise pressure distributions
corresponding to flight conditions where buffeting first occurred are
presented in figure 9. The distributions are presented for selected
conditions on the buffet houndary and are identifiled in relation to
figure 8, that is, region I shows flight condltions where buffeting
started for both configurations; reglon II shows flight conditions where
buffeting occurred for the basic configuration, but where no occurrence
of buffeting with generators instelled 1s evident; region III shows
flight conditions where buffetling occurred with generastors installed.

No measurements were made to determine the effect of generators on
the buffeting intensities. It 1s expected, however, that reductions in
separated regions by use of the generators would result in & reduction
in buffeting intensities. The pilot reported that, during flights made
into the buffet reglon below meximum normel-force coefficlents, the
buffeting intensities were appreciably reduced with the generators
instalied. No detrimental effects of the genersators on the control
characteristics of the alrplane were reported by the pilot.

Lateral unsteadiness snd trim change.- It is difficult in flying
the D-558-1I airplane to select the proper laterel trim to meintain
precisely a "wings-level" flight condition and pilots have described the
occurrence as attempting to balence the girplene on a pivot point. As
the Mach number approaches & value of-sbout 0.84 an abrupt lateral trim
change has been experilenced and has been termed by the pllots as "wing

dropping.”

The lateral unsteadiness and the trim change occurrences for the
basic configuration are illustrated in the solid-~line histories of
measured quantlties In figure 10 for level flight through the Mach
number range from approximately 0,66 to 0.89. Measurements of rolling
veloclty and alleron force Indicated that rolling osclllaetions exlsted
up to a Mach number of about 0.84 with forces applied by the pilot in
an irreguler manner due to the irregular motions of the alrplane, The
magnitude of the applied forces are, however, within the values of the
control friction and result in no movement of the controls. At a
Mach number 6f 0.84k and a normal-force coefficient of approximately
0.2 (time, 24 sec), a lateral trim change, as indicated by a gradual



NACA RM I51423 A 7

right roll, occurs with controls fixed, An abrupt roll to the left
occurs when corrective total aileron angle of gbout 2% is applied for
the right roll. At the meximum Mach number & total alleron angle of
approximately 3° 1s required and the lateral unsteadiness is considerably
increased over the low-speed value. The quantities messured during a
repeat flight with vortex generators lnstalled are included in figure 10
and are indlcated by the dashed lines. As indicated, the lateral
unsteadiness still exists at the lower Mach number wilth the vortex
generators installed; however, the abrupt left roll has been delayed

to a Mach number of about 0.89 when the airplane normal-force coeffi-
cient is equal to 0.35. It 1es indicated that the difficulty of main-
taining wings-level flight after the abrupt roll still exists, as did
the difficulty in the case with the baslic configuration.

Lateral-control effectiveness.- A loss in lateral-control effective-
ness for the D-558-1 airplane without generators has heen indicated at
Mach numbers greater than approximstely 0.86 as shown in figure 11l.

Dgta were obtained with the vortex generstors installed from the midflap
span station to the tip station of the wing, but only to a Mach number
of 0.84 and, as might be expected from an inspection of the pressure-
distribution measurements, no beneficial effects from the generators
result at these Mach numbers. If it 1s assumed that the loss In lstersl-
control effectiveness results from the development of a region of sepa-
rated flow over the aileron, it is indiceted from the pressure distribu-
tions (fig. 6) that for Mach numbers greater than 0.88 the generators
might reduce the loss in effectiveness.

Longitudinal trim changes.- The variation of the wing-section
pltching moment with Mach number for the baslc and full-span generstor
configurations, as determined by integration of the chordwise pressure
distributions, is shown in figure 12. Also included in figure 12 is
the varistlion of the elevator angle required for trim for a given sta-
bilizer incidence. The data sre for a normal-force coefficient corre-
sponding to 1 g flight. Tt is indicated thet no large changes in the
wing-section pitching moment occurred because of the installation of the
generators, and the longitudinal trim data indicate that no spprecisbie
changes in the downwash resulted from the instellation.

Drag.- The comparison of the measured airplane total drag varistion °
with Mach number for all configurations at a normal-force coefficient of
approximetely 0.25 is presented in figure 13. It is evident from fig-
ure 13 that the use of the generstors resulted in an incregse in drag.
Because of the scatter of the data, however, little can be concluded
regarding the effect of spanwise location of the generators on the drag.

[
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CONCLUDING REMARKS

The results indicated that vortex generators of a specific size and
type located along the 30-percent wing chord line had the following
effects on the hendling and buffeting characteristics of the D-558-I
airplane:

1. There was a reductlon of separated regions over the wing at Mach
numbers grester than 0.85 for level-flight normsl-force coefficients.
At higher normal-force coefficients and Mach numbers greater than 0.85,
reglons of separatlon and forwsrd movement of the shock were reduced.

2. The buffet boundary and wing-dropping tendency were delayed by
epproximately 0.05 in Mach number at level-flight normal-force coeffi-
cients (CNA = 0.25); however, no changes in the small-amplitude lateral

osclllations could be detected.

3. Buffeting intensities, as reported by the pllot, were appreciably
reduced during flight penetrating the buffet region for 1ift coefficlents
below the stall.

4. No detrimental effects on the longitudinal or lateral control
were encountered for the conditions investigated.

5. The drag of the alrplane was lncressed.

Langley Aeronautlical Lsborstory
Netlonal Advisory Committee for Aeronsutics
Langley Field, Va. ’
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PHYSICAL CHARACTERISTICS OF DOUGLAS D

Wing:
Area, sBq ft . . . .
Span, ft . . . . . .
Taper ratio . , . .
Aspect ratio . . . .
Root section . . . .
Tip section . . . .

Sweepback of 50-percent- chord line

Geometric dihedral, deg
Incidence at root chord, deg . .

Geametric twist . .

TAELE I

Mean aerodynsmlc chord, £t . . .

Allerons:

Area aft of hinge line (both

Mean serodynsmic chord, ft . .

Span (one side), ft

Hinge-line location (percent

Horizontal tell:
Airfoil section . .
Area, sq £t . .
Span, £t . . . .
Aspect ratlio . .
Tgper ratio . .

Tgil length, from 0 25

Elevetors:

M

Cy) -
AL, to

ailerons), sq

elevator hinge line, £

Area aft of hinge line (both sides), sqg £t . .

Span (one side), ft

Hinge location, percent horizontal-tail chord
Mesn serodynamic chord, £t . . .

Vertical tall surface:
Area, sg £t . . . .
Spen, ft . . . . . .
Aspect ratio . . . .
Taper retio ., . . .
Fin offget . . . . .

Tail length, from O. 25

3

Dorsal-fin area, sq £t

z- e

.
.
.

150.7
. 25
.. 0.5k
. ka7

NACA 65-110
NACA 65-110

S ¢
k.o
2.0

. 0
6.21

. T.94

0.772
. 5.19
. 85

£5-008
35.98
12.25
k.17

0.55
16.3%

8.6
5.91
(&
0.75

25.68
. 5.55
.. .1l.20
.. .0.5

"17.38
.79.08
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TABLE T

PHYSICAL CHARACTERISTICS OF DOUGLAS D-558-I AIRPLANE - Concluded

Rudder:
Areg aft of hinge line, s@q £+ . . . . . ¢« . + ¢« ¢ ¢+ ¢ « ¢« .+ . T.92
Span, £t . . . . . . T =Y
1.4k

Meen aerodynemic chord, v

FPuselage:
Fuselage length, ft . . . S e e e e e e e e e e e e e e e . 35.04
Fuselage depth (maximum}, FE v e e e e . e . ... ko
Fuselage width (maximum), £ . . « « ¢« « ¢« ¢ « « « « = « « « « . ko0

Losd condition: '
Airplane weight (full fuel without tip temks) 1b . . . . . . . 10,610
Center of gravity, percent mean aerodynamic chord . . . . . . 23.34
Negligible movement of the c.g. with fuel consumption.
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Figure 1.- Three-view drawing of the Douglas D-558-I airplane.
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Figure 3.~ Vortex-genarator location on the D-558-1 airplane.
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